Recently, it was demonstrated that liver injury and TNF-␣ production as a result of endotoxin (lipopolysaccharide, LPS) were attenuated by feeding animals a diet enriched with glycine. This phenomenon was shown to be a result of, at least in part, activation of a chloride channel in Kupffer cells by glycine, which hyperpolarizes the cell membrane and blunts increases in intracellular calcium concentrations ( Key Words: glycine ⅐ strychnine ⅐ intracellular calcium ⅐ lipopolysaccharide ⅐ formyl-methionine-leucine-phenylalanine A diet enriched with the nonessential amino acid glycine protects against endotoxin (LPS)-induced lethality, hypoxia-reperfusion injury after liver transplantation, and D-galactosamine-mediated liver injury (1-4). Because depleting neutrophils or blocking their function before chemical or hypoxic challenge protects tissues, it has been concluded that neutrophils play a key role in pathophysiology (5-8). Neutrophils participate in injury by adhering and invading tissue and releasing superoxide, arachidonic acid metabolites, and proteases by processes that are largely calcium dependent (9 -12).
A diet enriched with the nonessential amino acid glycine protects against endotoxin (LPS)-induced lethality, hypoxia-reperfusion injury after liver transplantation, and D-galactosamine-mediated liver injury (1) (2) (3) (4) . Because depleting neutrophils or blocking their function before chemical or hypoxic challenge protects tissues, it has been concluded that neutrophils play a key role in pathophysiology (5) (6) (7) (8) . Neutrophils participate in injury by adhering and invading tissue and releasing superoxide, arachidonic acid metabolites, and proteases by processes that are largely calcium dependent (9 -12) .
Recently, it was shown that glycine inhibited LPSmediated increases in [Ca 2ϩ ] i in Kupffer cells, the resident hepatic macrophage, by a mechanism dependent on extracellular chloride (13) . This effect was reversed by strychnine, which is a well-characterized antagonist of the glycine-gated chloride channel in the nervous system (14) . Activation of the neuronal glycine-gated chloride channel causes an influx of chloride and hyperpolarizes the nerve cell membrane, making opening of voltage-gated calcium channels on the cell surface more difficult (15, 16) , thereby diminishing responses to a variety of agonists that depolarize the cell membrane. In an analogous fashion, glycine hyperpolarizes Kupffer cell membranes making calcium channels on the plasma membrane more difficult to open (17) , which inhibits the production of cytokines (13) . Glycine also causes an influx of radiolabeled chloride into the Kupffer cell (18) . Moreover, molecular evidence (i.e., mRNA and protein) for the ␤-subunit of the glycine-gated chloride channel similar to the spinal cord glycine-gated chloride channel has been demonstrated in these macrophages (19) . Taken together, these studies led to the conclusion that Kupffer cells contain glycine-gated chloride channels like the neuron. Because the Kupffer cell is a specialized leukocyte derived from the same pluripotent stem cell as neutrophils, the purpose of this study was to determine if neutrophils, which are very important in many inflammatory disease processes, contain a glycine-gated chloride channel. Preliminary accounts of this study have appeared elsewhere (20) .
MATERIALS AND METHODS

Isolation and culture of neutrophils
Glycogen (1%) was dissolved in 35 ml of sterile saline and administered i.p. to female Sprague-Dawley rats (350 -400 g) under light anesthesia with methoxyflourane. Four hours later, rats were reanesthetized, exsanguinated, and cells in the peritoneum were removed by lavage with 35 ml of sterile PBS containing 1000 U/L heparin. The suspension was centrifuged at 500g for 7 min, and erythrocytes were destroyed by hypotonic lysis in 0.15 M NH 4 Cl for 2 min. Cells were resuspended and centrifuged again. The cell pellet was suspended in RPMI 1640 without glycine containing L-glutamine (1 mM), 10% heatinactivated fetal bovine serum, penicillin (10 IU/ml), and streptomycin (10 g/ml). Preparations were 95% viable and 98% pure as determined by trypan blue exclusion and WrightGiemsa staining, respectively. (21) . Peak increases in calcium concentration were consistently achieved within 30 s after agonist addition.
Measurement of intracellular calcium ([Ca
Measurement of 36 chloride uptake by neutrophils
Assays for uptake of 36 Cl used an adaptation of a method for neurons described by Schwartz et al. (22) modified by Morrow and Paul (23) . In brief, neutrophils (2ϫ10 6 cells/ml) were plated on glass coverslips and allowed to adhere for 1 h at 37°C. Media was replaced with buffer (20 mM HEPES, 118 mM NaCl, 4.7 mM MgSO 4 , 2.5 mM CaCl 2 , and 10 mM glucose) and allowed to equilibrate for 10 min at room temperature. Coverslips were gently blotted dry and incubated in a petri dish with 2 ml of buffer containing 2 Ci/ml 36 Cl in the presence of glycine (0 -2 mM) and/or strychnine (1 M or 1 mM) for 5 s. Chloride influx was linear between 2-10 s; thus, a 5 s incubation time was chosen for all experiments. Strychnine was dissolved in DMSO, and the final concentrations of DMSO (0.002%) used in these studies had no effect on 36 Cl movement. Chloride flux was terminated by washing the coverslip with ice-cold buffer for 3 s followed by a second wash for 7 s (23). Coverslips were placed in scintillation vials and protein was solubilized by adding 1.6 ml of NaOH (0.2 M) for 2 h. An aliquot (0.16 ml) was taken for determination of protein by the method of Lowry (24) . Ecolume (10 ml) was added and radioactivity was determined by scintillation spectroscopy. Flux measured in glycine-free buffer was subtracted from all values to account for basal chloride movement across the cell membrane as well as trapped radioactive chloride.
Measurement of superoxide release
Superoxide production was measured from the superoxide dismutase (SOD)-inhibitable reduction of ferricytochrome c as described previously (25) . Incubation volume was 1.0 ml, and the concentration of neutrophils was 2.0 ϫ 10 6 cells/ml. Initially, cells were incubated with glycine (1 mM) for 5 min at 24°C. Cytochalasin B (4 M, final concentration) was added to each tube and incubation continued at 37°C for 5 min to disrupt actin filaments. Formyl-methionine-leucinephenylalanine (FMLP) (1 M) was added and the incubation continued at 37°C for 30 min. The amount of reduced ferricytochrome c was determined spectrophotometrically at 550 nm. The difference in absorption between the samples incubated in the presence and absence of SOD (85 U/ml) was used to determine the amount of superoxide produced, using an extinction coefficient for reduced ferricytochrome c of 18500⅐cm -1 ⅐M -1 (26) .
RESULTS
Effects of FMLP and LPS on [Ca
2؉ ] i in adherent neutrophils
Intracellular calcium in individual neutrophils was measured fluorometrically using the calcium indicator Fura-2. Representative traces depicted in Fig. 1 show transient increases in [Ca 2ϩ ] i after treatment with FMLP (1 M, Fig. 1A ) or LPS (100 g/ml ϩ5% rat serum, Fig. 1B ). The effect of LPS was dependent on rat serum because there is an absolute requirement for a species-specific LPS binding protein for binding to CD-14 to occur (27) . The addition of rat serum alone had no effect on [ ] i to maximal values of ϳ275 nM followed by a decline that reached a plateau at ϳ175 nM within 1 min (Fig. 1A) . On the other hand, LPS (Fig. 1B) caused a transient increase in [Ca 2ϩ ] I , which peaked at 250 nM and returned to basal values within 1 min. Moreover, incubation with 1 mM glycine (see below) for 3 min had no effect on basal calcium levels but totally prevented agonist-induced increases in [Ca 2ϩ ] i in neutrophils (Fig. 1 ).
Concentration-response curves for agonists on increases in [Ca
2؉
] i
The effect of various concentrations of FMLP ( Fig. 2A) and LPS ( ] i maximally at 100 g/ml and had an ED 50 of 45 g/ml.
The effect of glycine on agonist-induced increases in [Ca
2؉ ] i
Neutrophils were incubated in m-HBSS containing glycine (0 -2 mM) for 3 min before and during addition of agonist (Fig. 3) . ] i after addition the FMLP or LPS were both ϳ0.3 mM glycine.
It appeared that glycine prevented the agonistinduced increases in [Ca 2ϩ ] i almost completely, suggesting that glycine blunted the release of calcium from intracellular stores as well as calcium influx from extracellular space Therefore, the effect of glycine on the calcium increase from intracellular stores was evaluated in the absence of extracellular calcium. Removal of the extracellular calcium and addition of EGTA had little effect on the peak [Ca 2ϩ ] i after LPS stimulation compared with cells stimulated in the presence of calcium (Fig. 4) . However, the agonist-induced increase in [Ca 2ϩ ] i was prevented completely by the addition of 1 mM glycine in both the presence or absence of calcium.
The role of extracellular chloride in glycinemediated inhibition of agonist-induced increases in [Ca
2؉ ] i
It is known that glycine activates a glycine-gated chloride channel in neurons and Kupffer cells, leading to chloride influx that attenuates increases in [Ca 2ϩ ] i (13, 15, 16) . It was hypothesized that glycine prevents FMLP-and LPS-mediated increases in [Ca 2ϩ ] i in the neutrophil by a similar mechanism. To test this hypothesis, chloride in the buffer was substituted with gluconate. Indeed, in chloride-free buffer, glycine (1 mM) was unable to block agonist-induced increases in [Ca 2ϩ ] i when cells were stimulated either with FMLP or LPS (Fig. 5) .
Strychnine, at micromolar concentrations, is an inhibitor of the glycine-gated chloride channel in the neuron and Kupffer cell (13, 14) . Strychnine (1 M) was added to cells before stimulation with FMLP or LPS to test the hypothesis that it would also reverse the effect of glycine in neutrophils (Fig. 6) . As shown above, both FMLP and LPS caused an increase in [Ca 2ϩ ] i that was totally prevented by glycine. Indeed, the addition of 1 M strychnine reversed the effect of glycine and restored agonistinduced increases in [Ca 2ϩ ] i to near normal levels. In other cells, such as isolated kidney tubules and Kupffer cells, strychnine inhibits the effect of glycine at low concentrations (micromolar range) but has agonist actions like glycine in the millimolar range (13, 28) . Indeed, high concentrations of strychnine (1 mM) prevented agonist-induced increases in [Ca 2ϩ ] i like glycine with both FMLP (80Ϯ25 nM) or LPS (61Ϯ16 nM) (Fig. 6) .
Radiolabeled chloride is used routinely in cells to provide hard evidence for movement of ions from the extracellular to the intracellular space (22, 23) . Accordingly, adherent neutrophils were incubated with 36 Cl and increasing concentrations of glycine (Fig. 7A) . Glycine caused a dose-dependent increase in 36 Cl influx. The ED 50 value for glycine-stimulated chloride influx was 0.23 mM, which is essentially the same value as the IC 50 for inhibition of agonist-induced increases in [Ca 2ϩ ] i by glycine. Furthermore, the addition of 1 M strychnine prevented chloride influx due to glycine almost completely, and high concentrations of strychnine (1 mM) activated chloride influx essentially like glycine (Fig. 7B) .
Effect of glycine on superoxide production by neutrophils
It is known that production of superoxide by neutrophils is, in part, calcium dependent (29) . To determine if glycine could inhibit calcium-dependent functions of neutrophils, the effect of glycine on superoxide production was studied. FMLP stimulated neutrophils to produce nearly 7.6 Ϯ 0.4 nmol superoxide/10 6 cells/30 min. Glycine (1 mM) blunted superoxide production in isolated neutrophils significantly to 4.8 Ϯ 0.5 nmol superoxide/10 6 cells/30 min (nϭ4 -6 per group, PϽ0.05, Student's t test).
DISCUSSION
Endotoxin increases calcium in neutrophils
FMLP and LPS caused dose-dependent increases in peak [Ca 2ϩ ] i in neutrophils with slightly different kinetics ( Figs. 1 and 2 ). FMLP caused a rapid increase in [Ca 2ϩ ] i within seconds followed by a gradual decrease, which reached a plateau and never returned to basal values, confirming work by others (30) . The initial increase in calcium most likely arises from intracellular stores, whereas the sustained in- ] i by glycine on extracellular calcium. Neutrophils were isolated, cultured, and loaded with Fura-2 as described in Materials and Methods. Cells were incubated in m-HBSS with or without calcium or containing glycine (1 mM) for 3 min. Buffer was replaced with the same buffer containing LPS (100 g/ml) and peak intracellular calcium concentrations were determined as described above in Materials and Methods. Data are means Ϯ se (nϭ8).
* Significantly different from basal (PϽ0.05) by two-way ANOVA and Bonferroni's post hoc test.
crease is the result of influx of calcium from the extracellular space (31) . Although LPS also caused an increase in [Ca 2ϩ ] i , the mechanism of LPS signaling and calcium mobilization in neutrophils is not clearly understood. This is the first study showing that LPS can increase calcium in neutrophils; however, relatively high concentrations of LPS (100 g/ml) are needed. LPS concentrations commonly used in in vitro studies (32) are higher than physiological circulating LPS concentrations. Thus, the physiological significance of the activation of neutrophils by LPS is not clear but may be important in Figure 5 . The effect of chloride-free buffer on the effect of glycine on [Ca ϩϩ ] i . Neutrophils were isolated, cultured, and loaded with Fura-2 as described in Materials and Methods. A) Cells were incubated in chloride-free buffer by substitution of sodium chloride with sodium gluconate for 3 min before the addition of glycine (1 mM). After incubation in chloride-free buffer containing glycine for 3 min, LPS (100 g/mL) or FMLP (1 M) was added and peak intracellular calcium concentrations were determined. Data are means Ϯ se (nϭ4 -6).
* Significantly different from basal (PϽ0.05) by two-way ANOVA and Bonferroni's post hoc test. disease states such as septic shock where LPS levels are elevated (33) .
Neutrophils contain a glycine-gated chloride channel
The primary goal of this study was to determine if neutrophils contain a glycine-gated chloride channel analogous to the channel in the neuron and Kupffer cell (4, 34) . It was hypothesized that glycine would prevent increases in [Ca 2ϩ ] i by hyperpolarizing the cell membrane, thereby preventing activation of voltage-dependent calcium channels. Indeed, glycine blunted FMLP-and LPS-stimulated increases in [Ca 2ϩ ] i with an IC 50 ϳ0.3 mM (Fig. 3) . This value is similar to the IC 50 values for prevention of LPS toxicity and inhibition of activation of Kupffer cells by glycine and only about twice as high as normal circulating concentrations. These blood levels are easily achieved with a diet enriched with glycine (1). In addition, it is concluded that glycine not only affects influx of calcium from the extracellular space but also prevents release from intracellular stores, because glycine totally prevented increases in [Ca 2ϩ ] i due to LPS and FMLP both in the presence and absence of extracellular calcium (Fig. 4) . The mechanism for this effect of glycine remains unclear. It has been suggested that the IP 3 -gated chloride channel on the endoplasmic reticulum may be inactivated when the potential difference across the membrane is increased (35) . Thus, it is possible that influx of chloride across the cell membrane also increases the potential difference across the endoplasmic reticulum making the IP 3 -receptor more difficult to open (see Fig. 8 ).
Strychnine is a well known antagonist of glycinegated chloride channels (13, 14) . Here, 1 M strychnine reversed the effect of glycine, restoring the increase in [Ca 2ϩ ] i to near control values (Fig. 6) . These data provide pharmacological evidence for the presence of glycine-gated chloride channels in neutrophils. High concentrations of strychnine (1 mM) have been shown to be protective against hypoxic injury in the perfused liver and isolated renal proximal tubules as well as blunt increases in [Ca 2ϩ ] i in Kupffer cells, which is apparently paradoxical to its effects on the glycine-gated chloride channel. (13, 28, 36) . In this study, a high concentration of strychnine also prevented increases in [Ca 2ϩ ] i due to LPS and FMLP and caused influx of chloride, essentially like glycine. Based on these data, it is concluded that strychnine at high concentrations is also an agonist for the glycine-gated chloride channel in the neutrophil.
If the effect of glycine is a result of activation of a glycine-gated chloride channel in the neutrophil, it would be dependent on the presence of extracellular chloride. Indeed, substitution of chloride with an impermeable anion gluconate prevented the inhibitory effect of glycine on agonist-induced increases in [Ca 2ϩ ] i almost completely (Fig. 5) . Moreover, glycine increased radiolabeled chloride movement into the neutrophil in a dose-dependent manner ( Fig. 7) with an ED 50 value almost identical to the IC 50 value for prevention of LPS-and FMLP-induced increases in [Ca 2ϩ ] i . Strychnine (1 M) prevented the influx of chloride, as expected, providing more evidence that glycine blunts increases in [Ca 2ϩ ] i by activating a glycine-gated chloride channel. Thus, it is concluded that glycine activates a chloride channel in the neutrophil.
Based on the data presented above, it is hypothesized that glycine inhibits processes in the neutrophil that are dependent on increases in [Ca 2ϩ ] i , such as activation of NADPH oxidase and the production of superoxide radicals. Indeed, glycine blunted superoxide production by neutrophils stimulated with FMLP. The fact that glycine did not completely prevent superoxide release from the neutrophil is not surprising, because there are calcium-independent pathways (e.g., activation of tyrosine kinases) that also mediate superoxide release from the neutrophil. However, increases in intracellular calcium are required for optimal superoxide generation from FMLP-stimulated neutrophils (9 -12, 29) .
Proposed mechanism of action of glycine
Based on the data presented here, the following mechanism of action of glycine in neutrophils is proposed (Fig. 8) . When cells are stimulated with either LPS or FMLP, signal transduction pathways are activated that change the potential differences across the cell membrane. In the presence of glycine, a glycine-gated chloride channel is activated causing an influx of chloride, leading to hyperpolarization of the neutrophil membrane. The increase in membrane potential caused by agonists is blunted by glycine, which decreases the opening time of voltagedependent calcium channels on the cell membrane and inhibits the influx of calcium. In addition, influx of chloride could also inactivate the IP 3 -gated calcium channel and blunt release of calcium from intracellular stores. Decreased calcium influx blunts the activation of calcium-dependent pathways in the cell inhibiting the function of the phagocyte.
Clinical applications of glycine
Glycine has several benefits that make its clinical application appealing. First, glycine can be administered in the diet without side effects (37) . Second, data from this and previous studies with Kupffer cells and alveolar macrophages (13, 38) show that glycine is antiinflammatory and could be useful in many disease states which are dependent on the activation of neutrophils and macrophages (4) . Indeed, it has been shown previously that glycine prevents lethality due to LPS and in a model of ischemia-reperfusion injury to the liver in vivo followed by administration of LPS (two-hit model) (1) . This model mimics the increase in sensitivity of trauma patients to LPS. Moreover, glycine was shown to be protective in the classical galactosamine toxicity model, presumably by inactivation of Kupffer cells (3) . Currently, glycine has only been shown to be effective prophylacticly; however, it could be potentially useful in a wide variety of inflammatory processes where neutrophil infiltration contributes to toxicity.
